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References . Lithologic units that form major aquifers in the area include Pleistocene glaciofluvial deposits, the Pennsylvanian Saginaw Formation and the Mississippian Marshall Sandstone. Wells with detectable arsenic concentrations were often, but not exclusively, completed in the Mississippian Marshall Sandstone. However, the specific lithologic sources of arsenic and the geologic and hydrologic conditions that favored arsenic release to ground water, were largely unknown. The goal of this study was to determine if arsenic occurrence and concentration were related to depth, lithology and arsenic chemistry in the major aquifers in these southeastern counties.
Purpose and Scope
This report documents water-quality and lithologic sample collection procedures and protocols, analytical methods, and provides data from physical and chemical analyses of water and lithologic samples collected from July 1997 to September 1998. The scope of this report is
STUDY AREA
Several counties in southeastern Michigan were selected for the study (figure 1). These counties occur in the area previously determined to be vulnerable to arsenic in ground water.
Geological Setting
The geology of the study area consists of Pleistocene glacial deposits overlying Penn sylvanian and Mississippian age bedrock. Subcrops in the counties of interest include the Saginaw Formation, the Michigan Formation, the Marshall Sandstone, and the Coldwater Shale (figure 1). Thicknesses of these units vary since the study area is located on the eastern edge of the Michigan basin, and many units become absent near the margin. Westjohn and Weaver (1996a, 1996b) provide bibliographies and a more detailed description of these units. Major aquifers in the region include the Glaciofluvial, Saginaw, and Marshall aquifers. Selected geochemical characteristics of ground water in these aquifers are reported in Wahrer and others, 1996 , Meissner and others, 1996 and Ging and others, 1996 .
Site Selection
Wells were selected for the study based on the following criteria: 1) availability of a well drilling record (well log), 2) well completion in one of the major aquifers in the area, 3) known arsenic concentration from previous water quality analysis, and 4) areal coverage within the study area. Well logs for private wells were obtained from the appropriate county health department, and previous arsenic data was obtained from a statewide database maintained by the MDEQ. Wells that met the preceding criteria, and for which sampling permission was obtained, were included in the study. The set of wells selected was intended to provide a variety of arsenic concentrations, a range of depths and aquifers tapped, and fairly uniform coverage of the counties. The goals were 1) to compare wells of similar depth and differing arsenic concentration, 2) to compare wells of similar arsenic concentration and varying depth or aquifer, and 3) to relate these differences to a common factor, such as lithology or water chemistry. Table 1 gives the locations and characteristics of the 26 private, 18 public and 3 monitor wells selected for sampling.
An additional 28 wells were analyzed for arsenic by the University of Michigan in cooperation with the USGS National Water Quality Assessment Program's (NAWQA) Domestic Well Survey in Livingston, Macomb, Oakland, and Washtenaw counties (figure 1). The Domestic Well Survey included 26 private and 2 public water-supply wells completed in Pleistocene glaciofluvial deposits. Finally, 39 additional wells in the NAWQA Subunit Survey, Urban Land Use Study, and Agricultural Land Use Study in the same counties were analyzed for arsenic. Monitor wells in the Agricultural Land Use Study were screened in the shallowest sand and-gravel lens within glacial till. Water from 5 of these wells was analyzed for arsenic concentration by the U.S. Geological Survey. The Subunit Survey wells were domestic water supply wells that produced water from sand-and gravel aquifers within the glacial till. Water from 4 of these wells was analyzed for arsenic by the U.S. Geological Survey. The 30 Urban Land Use Study wells were monitor wells completed in Pleistocene outwash deposits. Data concerning the location, construction and water quality of the Urban Land Use wells, including arsenic concentrations, can be found in Blumer and others (1997 Figure 1 . Location of wells and bedrock units that underlie glacial sediments in the study area.
Use Study and Subunit Survey wells can be found in Blumer and others (1998) . Two new wells were drilled from land surface completely through the Marshall Sandstone to the Coldwater Shale. The locations for these new wells were based on prior knowledge of the bedrock geology, hydrology and ground-water arsenic occurrence in the area, availability of a drilling site and permission to construct a well at that location. One well was located in Huron County and the second in Lapeer County (figure 1).
METHODS

Methods of Water-Quality Sample Collection at Private and Public Wells
Water-quality samples were collected, preserved and transported in accordance with USGS procedures documented in Koterba and others (1995) . The methods employed were designed to reduce the occurrence of airborne sample contamination and to reduce exposure of ground water to air during the sampling process. At private wells, water-quality samples were taken from a tap connected to the exterior of the house. At public wells, the samples were taken from a tap in line with the well-withdrawal pump. At USGS observation wells, water was withdrawn directly from the well using a twoinch portable submersible pump. Water-quality samples were collected at all sites using a sample-flow transfer system from a tap or pump to the collection point as described in Koterba and others (1995) . A polyethylene adapter and a 3/8 inch inner-diameter (ID) Teflon®-lined polyethylene tube was used to connect a sample-flow transfer system to the tap or pump. The sample-flow transfer system consisted of a manifold with polyethylene quick-connections, a two-way Teflon flow valve and 3/8 inch ID Teflon®-lined polyethylene tubing. This manifold was used to route sample flow from the water source to a flow-through chamber with field measurement probes and waste line, or to the sample-collection and processing chamber. The frame of the sample-collection and processing chamber was constructed of PVC and was covered with a transparent disposable plastic cover held with plastic clips.
The dissolved oxygen, pH, specific conductance, oxidation/reduction potential, and temperature of the water were measured with either the Hydrolab H20® Multiparameter Water Quality Data Transmitter or the Hydrolab DataSonde3C) Water Quality Datalogger. These instruments were standardized in the laboratory prior to field use according to the manufacturer's specifications (Hydrolab Corporation, 1991a and b) . The Hydrolab multiparameter probes were calibrated in the field at the beginning of each sampling day. The well was then purged at a maximum flow rate of I gallon per minute until stable field parameters were reached. Stable field parameters were defined by constant parameter readings over three successive measurements separated by two-to five-minute intervals.
Once stable field parameters were obtained, a variety of samples were collected requiring different sampling techniques and handling procedures. The bottle type, collection order, processing, preservation and storage procedures for all types of samples, including quality assurance samples, followed those outlined in Koterba and others (1995) . Samples were typically filtered using a 0.45µm (micrometer) pore size capsule filter. A filtered sample was taken for alkalinity and analyzed by titration at each site. Ground water samples from all sites were analyzed for 8 major inorganic constituents. Ground water from selected sites was also analyzed for the concentration of total and filtered arsenic, total and suspended organic carbon, 18 minor inorganic constituents, various forms of nitrogen and phosphorous, tritium and the isotope ratio of carbon.
In addition to the samples mentioned above, a sample was taken at every site for field analysis of total and ferrous iron, turbidity, nitrate and ammonia nitrogen, sulfate, sulfide, and total phosphorous using a HACH DR/2000® Spectrophotometer. Methods followed those outlined in the manufacturer's manual (Hach Company, 1996) . The majority of sites were also sampled for total and filtered arsenic, arsenite and arsenate by the University of Michigan. The methods of sample collection followed those described above. For those sites that were sampled for filtered arsenic, two filtered samples were usually collected: one sample was filtered through a 0.45 pm-pore size filter and a second sample was filtered through both a 0.45µm-and 0.2 gm-pore size filter.
Decontamination of Field Equipment
Field and laboratory decontamination procedures are outlined in Koterba and others (1995) . Field decontamination was employed to remove any residual contaminants from the equipment before reuse at another site. After sample collection at each site, the field equipment was cleaned with three tubing volumes of a phosphorous-free soap and deionized water solution, followed by three tubing volumes of a deionized water rinse. After each sampling trip, thorough cleaning was performed in the laboratory on all field equipment. This process included a rinse in tap water, a detergent wash, and, for non-metal components, a 5% hydrochloric acid rinse, followed by three deionized water rinses of thirty minutes each. All tubing and connectors were stored in clean plastic bags for future use.
Quality Assurance and Quality Control
Field blanks monitor contamination during all phases of sample collection, handling, storage, and analysis. Field blanks are distinct from method or laboratory blanks in that their intended purpose is to monitor contamination introduced in the field during sample collection and handling. One field blank sample was collected for the sample-flow transfer system connected to the submersible pump. A second blank was prepared by passing certified inorganic-free blank water through decontaminated sampling equipment, and was subjected to all aspects of sample collection, field processing, preservation, transportation, and laboratory handling as a water-quality sample. Field blank bottles were prepared and kept with the sample bottles used for each sampling trip. Field blanks were also analyzed in the same way as water-quality samples.
Duplicate samples were collected for one selected sampling site and for all analytes at that site.
To determine the variability in arsenic concentration that might arise from analysis by different laboratories, a standard reference sample of known arsenic concentration was obtained from the USGS National Water Quality Laboratory in Denver, CO. The sample had a most probable value of 56.6 p.g/L arsenic. Information on the USGS reference sample program can be found in Farrar, 1999. The reference sample was sent to the University of Michigan and MDEQ laboratories, and, as a blind sample, to the USGS laboratory. In addition, selected wells were analyzed for total arsenic by both the USGS and University of Michigan laboratories.
To determine what variability in arsenic concentration might result from different sample collection and handling procedures employed by the USGS and MDEQ, comparison of MDEQ and USGS sampling methods was conducted at selected wells. In contrast to USGS sampling procedures, MDEQ sampling is usually conducted at an outside tap, using a bottle provided by MDEQ, and with usual precautions to avoid contamination, but without special precautions to avoid exposure to air. In addition, arsenic samples collected for MDEQ analysis are not preserved until they are delivered to the laboratory. Results of MDEQ and University of Michigan arsenic analyses are provided in the Appendix.
Newly Drilled Wells
Drilling Methods
The two new wells drilled for this study employed modified mud-rotary drilling methods in combination with standard drilling techniques. Instead of using a drilling mud to circulate rock cuttings, city water (Huron County well) or ground water from a nearby well (Lapeer County well) was used as the fluid. This was done to minimize possible contamination from mud constituents, and to minimize core contact with non-native materials.
Drilling flour from unconsolidated materials was collected from the drilling of both wells. Steel casing was set through unconsolidated sediments at the top of bedrock and cemented in place.
A diamond drill coring bit was used to obtain a 4-inch diameter bedrock core. Twenty feet (ft) of bedrock were drilled at a time, and the retrieved bedrock core sections were quickly inserted into a 6 inch diameter 4-mil plastic sleeve. The sleeve was filled with nitrogen gas and tied on both ends. A second sleeve was placed over the first, filled with additional nitrogen gas, and tied on both ends. Nitrogen was used to keep the core sections in an inert environment for later processing. Each section was marked with its appropriate depth, and was placed in a refrigeration unit and stored at 4°C (Celsius) until processing. From the 20 ft core sections, smaller sections ranging from 4-10 ft were cut for total arsenic analysis by a commercial laboratory. Arsenic concentrations for these various core sections from each well are presented in Appendix C.
In addition, unconsolidated materials were retrieved by split-spoon sampling during drilling of 5 USGS NAWQA Agricultural Land Use Study wells. Drilling methods for the USGS NAWQA program are described in Lapham and others (1997) . Arsenic analyses for these unconsolidated materials were also obtained from the same commercial laboratory. Arsenic concentrations for these materials are presented in Appendix C.
Well Development
Following well drilling and core col lection, each well was developed for approxi mately 40 hours. A Grundfos Redi-Flo 4® pump was set around 120 ft and the well was pumped at a rate of 10 gal/min. The pump was moved to about 90 ft, then 50 ft, and then 90 ft once again over the 40-hour period. After development, the well remained undisturbed for 48 hours.
Description of Water Sampling Equipment
A system was built to isolate and pump specific vertical intervals of the borehole. The system was comprised of a 4-inch Grundfos Redi-Flo 4® pump, two Roctest® model YEP 4.75-inch inflatable packers, an In Situ® PXD 261 pressure transducer, 10 ft sections of 1.5 inch NPT schedule 80 aluminum pipe, and an Up-Z-Dazy® model 30XL pump puller. The packers were composed of zinc-plated steel, fabric reinforced styrene-butadiene rubber, and polyurethane collars. The pump, lower packer, upper packer, and pressure transducer were mounted to the aluminum pipe and suspended in the well at the appropriate depth using the additional sections of aluminum pipe. The vertical interval could be adjusted by changing the distance between the upper and lower packers. All materials that came in contact with the water to be sampled were chosen such that contact with trace metals or other contaminants would be minimized.
Several tubes were also a part of the system and were suspended in the well. A 1/2 inch ID Teflon®-lined polyethylene tube carried water to the sample-flow transfer system described previously. In addition, tubing was used to inflate and deflate the upper and lower packers. Polyurethane cable was present for the transducer, along with plastic-coated wire leads for the pump motor.
The entire system was moved up and down the borehole using the Up-Z-Dazy® pump puller. One reel on the surface held all flexible tubing and wiring in the system, and also held the pressure manifolds that controlled packer inflation. Gauges and check valves for each packer allowed their individual inflation and deflation with nitrogen gas.
Water Quality Sampling of Packed Intervals
Water samples from specific intervals in each of the newly drilled wells were collected using the pump and packer system. Fifty feet of aluminum pipe were added between the pump intake and the lower packer to produce a 51.5 ft packed interval. After samples were collected at a given interval, the system was raised to the next interval and purged with ten tubing volumes of water from the new interval.
The packers were set and inflated to predetermined pressures. Pressure transducer readings were monitored to ensure that the pump was not drawing water from above or below, and so that the pressure between the packers was not lowered too much by pumping. Each interval was pumped at 6-8 gallons per minute for at least one-half hour, or until tem perature, specific conductance, pH, redox, and dissolved oxygen were stable. Once equilibrium was reached and pressure transducer readings were checked, water samples were taken using the same methods and equipment as described previously. After sampling, the pump was turned off and the packers were deflated and moved to the next interval.
In the Huron County well, the packer assembly was first set at each of six 51.5 foot intervals: 43-94.5 ft, 93-144.5 ft, 143-194.5 ft, 193-244 .5 ft, 243-294.5 ft, and 293-344.5 ft. Eight 4.5 foot intervals were selected for more detailed sampling. These intervals were: 49 53.5 ft, 74-78.5 ft, 78-82.5 ft, 85-89.5 ft, 110.5 115 ft, 253-257.5 ft, 276-280.5 ft, and 308-312.5 ft. In the Lapeer County well, the packer assembly was first set at each of five 51.5 ft intervals: 141-192.5 ft, 192-243.5 ft, 243-294.5 ft, 294-345.5 ft and 345-396.5 ft. Then six smaller intervals were selected for more detailed sampling. Three 17.5 ft intervals were sampled within the larger interval of 141-192.5 ft. These three intervals were: 141-158.5 ft, 158-175.5 ft and 175-192.5 ft. Then four 4.5 ft intervals were selected for further sampling: 144-148.5, 260-264.5, 270-274.5 and 358-362.5 ft. Regardless of the size of any given interval, the same equipment and sampling procedures were employed.
Decontamination and Quality Assurance/Quality Control
Decontamination for the pump and packer equipment was difficult due to its weight and dimensions. It was not feasible to provide inorganic-free water in the appropriate volumes to clean the pump and packer system or to provide a blank sample as was described above. Instead, at each well-drilling location, a sample of local water was taken from an exterior tap at nearby buildings of the county health department, and was analyzed for all the constituents to be analyzed in the well samples. The entire sampling system was then cleaned with phosphorous-free detergent and local water, rinsed with the local water, and then a sample of local water was drawn through the system and analyzed for the constituents to be sampled. It was not feasible to remove the packer between vertical intervals for cleaning. To test the potential for carryover of arsenic from an interval of high concentration to one of low concentration, the packer system was removed following the sampling of the uppermost interval. The system was then purged with ten tube volumes of the local water and a sample of this local water was then taken from the end of the system, following the purging process. The quality assurance sample obtained in this manner established whether residual arsenic in the pump, packer and sampling system would contaminate water of low arsenic concentration under routine sampling conditions. After the completion of sampling, the system was cleaned with detergent and local water and a final sample after the last decontamination was taken. Duplicate samples were collected for one selected depth interval in each well.
Methods of Laboratory Analysis
Methods of USGS analysis of chemical constituents in the sampled ground water are listed in table 3. This table also lists the detection limits for the constituents. Methods employed by the University of Michigan and Michigan Department of Environmental Quality to determine total and filtered arsenic and total and filtered arsenite and arsenate are described in the Appendix.
RESULTS OF DATA COLLECTION
Samples for water quality analyses were collected between June 1997 and September 1998. Construction characteristics of the 47 wells selected specifically for this study are reported in table 1. These wells were completed in each of the major aquifers for the study area. In addition, two new wells were drilled through the Marshall Aquifer, which is the primary aquifer of the study area. Construction characteristics of these new wells are reported in table 2. Water was sampled at 14 discrete depths in one of these new wells, and at 11 
SUMMARY AND CONCLUSIONS
A total of 114 public, private and monitor wells were sampled during the course of this study. These wells were selected to provide a range of arsenic concentrations, and for correlation with other chemical constituents, aquifer types and well construction characteristics. These wells were not selected in a random manner and cannot be used to represent average arsenic concentrations for ground water in the study area. For public and private drinking-water wells, the lowest concentration detected by USGS analysis was <1 microgram per liter and the highest was 220 micrograms per liter. Arsenic concentrations near or exceeding the current USEPA standard of 50 micrograms per liter occurred in ground water from each of the major aquifers in the study area.
Arsenic was also analyzed at multiple discrete depths in two wells drilled through the major aquifer in the study area, the Marshall Aquifer. In these two wells, the lowest concentration detected by the USGS was <1 microgram per liter at about 350 ft below land surface in well LP1 and the highest concentration of 140 micrograms per liter was detected at around 50 ft below land surface in well H15D.
The principal result anticipated from this study was development of a data base of arsenic analyses for ground water samples taken from wells with known well characteristics and water chemistry. The data from this study can be used to evaluate whether arsenic concentration is related to well characteristics and water chemistry. In addition, analyses provided by the University of Michigan and the Michigan Department of Environmental Quality can be related to the analyses performed by the USGS on the same samples. The data provided in this report can be used to address a variety of physical, chemical and analytical factors that may affect arsenic concentrations in well water in the study area. Table C3 . Arsenic analyses for unconsolidated aquifer materials collected by split-spoon sampling during drilling of USGS wells. Additional data for these wells are reported in 
